Progranulin (PGRN) is a glycoprotein with multiple roles in normal and disease states. Mutations within the GRN gene cause frontotemporal lobar degeneration (FTLD). The affected neurons display distinctive TAR DNA binding protein 43 (TDP-43) inclusions. How partial loss of PGRN causes TDP-43 neuropathology is poorly understood. TDP-43 inclusions are also found in affected neurons of patients with other neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and Alzheimer's disease. In ALS, TDP-43 inclusions are typically also immunoreactive for fused in sarcoma (FUS). Mutations within TDP-43 or FUS are themselves neuropathogenic in ALS and some cases of FTLD. We used the outgrowth of caudal primary motor neurons (MNs) in zebrafish embryos to investigate the interaction of PGRN with TDP-43 and FUS in vivo. As reported previously, depletion of zebrafish PGRN-A (zfPGRN-A) is associated with truncated primary MNs and impaired motor function. Here we found that depletion of zfPGRN-A results in primary MNs outgrowth stalling at the horizontal myoseptum, a line of demarcation separating the myotome into dorsal and ventral compartments that is where the final destination of primary motor is assigned. Successful axonal outgrowth beyond the horizontal myoseptum depends in part upon formation of acetylcholine receptor clusters and this was found to be disorganized upon depletion of zfPGRN-A. PGRN reversed the effects of zfPGRN-A knockdown, but a related gene, zfPGRN-1, was without effect. Both knockdown of TDP-43 or FUS, as well as expression of humanTDP-43 and FUS mutants results in MN abnormalities that are reversed by coexpression of hPGRN mRNA. Neither TDP-43 nor FUS reversed MN phenotypes caused by the depletion of PGRN. Thus TDP-43 and FUS lie upstream of PGRN in a gene complementation pathway. The ability of PGRN to override TDP-43 and FUS neurotoxicity due to partial loss of function or mutation in the corresponding genes may have therapeutic relevance.
Introduction and TDP-43 blocks the cytoprotective action of PGRN. However, no corresponding interaction between PGRN and FUS was observed.
It is unclear, whether the depletion of PGRN is by itself a direct cause of TDP-43 toxicity, or whether TDP-43 related neurotoxicity is a secondary response to a more generalized cellular dysfunction caused by PGRN depletion. Zebrafish provide a vertebrate model system in which gene complementation studies, similar to those undertaken in simpler invertebrate animals such as C. elegans, can be readily performed in order to address such questions. The zebrafish genome carries four GRN genes [50] . Of these, zfPGRN-A is the orthologue of mammalian GRN, and is a long-form PGRN [50] , encoding a protein with 10 repeats of the cysteine-rich granulin motif. zfPGRN-B is also a long-form PGRN, whereas zfPGRN-1 and zfPGRN-2 are short-form PGRNs, with one and one half granulin motifs, S1A Fig [50] . Zebrafish MNs express zfPGRN-A [51] and when zfPGRN-A protein levels are attenuated in developing embryos, motor function is disrupted, and the developing primary caudal (CaP) MNs show structural abnormalities, being truncated and with aberrant patterns of branching [51] . Ectopic expression of PGRN in the embryo overcomes the MN abnormalities that result from expression of mutant TDP-43 [52] . In contrast, complete deletion of zebrafish zfPGRN-A or zfPGRN-B alone or double mutants produced neither truncated CaP MN nor other neuropathological phenotypes suggesting the activation of compensatory mechanisms upon loss of GRN genes in the germline [53] . Similar examples of genetic compensation have been observed in other zebrafish gene knockout studies [54] .
Here we take advantage of the zebrafish model of motor dysfunction to investigate the genetic interactions of PGRN with TDP-43 and FUS in a vertebrate system. We also determined whether the short form zfPGRN-1 is able to rescue motor defects resulting from the depletion of long form zfPGRN-A.
Materials and methods

Fish husbandry
Wild type zebrafish were purchased from Aquatica Tropicals (Florida) and housed on a 14h/ 10h light/dark cycle at 28.5˚C in a laboratory aquarium (Allentown Caging Equipment Co. Inc., Allentown, NJ). The McGill University Institutional Animal Care and Use Committee (IACUC) specifically approved this study and Zebrafish were maintained according to Protocol Number 3935. Fish were fed twice daily. In the late afternoon of the day before embryos are required (approximately 3:00 p.m.), fish were transferred to a breeding tanks with a divider to maintain male and female separately. In the morning, immediately after the light cycle begins, divider removed to facilitate spawning. After spawning has stopped, the eggs that have fallen through the breeding tanks to the outer tank were collected from the bottom of the tank. Embryos to be used for experimental studies were collected and staged by hours post fertilization (hpf) [55] and stored at recommended temperature (28.5˚C) for the downstream applications.
Microinjection
Microinjection of anti-sense morpholino oligonucleotides into embryos. Anti-Sense Morpholino oligonucleotides (AMO) [56] were obtained from Gene Tools, Inc. (Philomath, OR) and diluted in nuclease free water containing 0.05% phenol red or 0.05% Fast Green dye. Approximately 2 nL of AMO was injected into the yolk of 1-to 4-cell stage embryos using a PLI-100 microinjection system (Harvard Apparatus, St. Laurent, QC, Canada). Phenotype observation and images acquisition were accomplished using a Leica DC300F digital camera connected to a Leica MZFLIII stereomicroscope. Images were processed with Adobe Photoshop 7.0 software. The sequence of the AMO corresponding to the 5'UTR region of zfPGRN-A (MO2) was 5'GAGCAGGTGGATTTGTGAACAGCGG3' [51] . The sequence of the AMO corresponding to the UTR sequences of Tardbp (5'GTACATCTCGGCCATCTTTCCT CAG3') and Fus (5'GGCCATAATCATTTGACGCCATGTT3') and standard control (5'CCTCTTACC TCAGTTACAATTTATA3') were also used. For Morpholino injection the optimal concentration of gene-specific AMOs were determined initially and 10 ng zfPGRN-A, 10 ng of Fus, 1.5 ng of Tardbp or 10ng of standard control were used.
Microinjection of mRNA into 1 to 4 cell stage embryos. For zfPGRN-A mRNA overexpression and rescue experiments a full-length zfPGRN-A/pcDNA3 vector was generated [51] . Briefly, the full-length zfPGRN-A sequence was purchased from RZPD (Berlin, Germany) as clone UCDMp574E2318Q2 and subcloned into pcDNA3.1-V5/His vector (Invitrogen, Carlsbad, CA) using a forward primer that overlapped with the starter AUG and a reverse primer that read through the termination codon. The final vector construct consisted of fulllength zfPGRN-A with a carboxyl-terminal tag consisting of the V5 epitope and 6×Histidine. The authenticity of the construct was verified by DNA sequencing. Other vectors used were full-length hPGRN/pcDNA3, FUS/pCS2+ or Tardbp/pCS2+. For the zfPGRN-A rescue experiments the AMO directed against the 5'UTR region of zfPGRN-A. The construct for zfPGRN-A mRNA microinjection does not contain the untranslated 5' sequence of zfPGRN-A. Hence there is no binding between mRNA and the morpholino when they are coinjected. Translation enhanced capped mRNA was synthesized with the mMessage mMachine Kit (Ambion, Huntingdon, England). For mRNA overexpression and rescue experiments 100 ng/ μl of zfPGRN-A or hPGRN or 60 ng/μl of FUS (WT or mutant R521H) or 25ng/ μl of Tardbp (WT or mutant G348C) or PGRN-1 100 ng/ μl mRNA was used. The optimal concentration of gene specific mRNAs was determined to avoid toxicity related phenotype.
Whole-mount immunofluorescence
The znp1 immuno-labelled wild-type embryos were carried out according to previously described protocol [51] . Briefly, embryos were fixed using 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 2 hours at room temperature and then stored in 100% methanol at -20˚C. Embryos were rehydrated with PBS and permeabilized by digesting with 10 ug/ml proteinase K for 20 minutes followed by fixation in 4% PFA / PBS for 20 minutes. After several PBS washes embryos were blocked in PBS containing 0.1% Tween-20 (PBST) with 5% calf serum and 1% DMSO. After three hours the primary antibody (anti-Znp1 ZIRC) was added at 1:200 dilution and incubated overnight at 4˚C. After extensive washing in PBST, embryos were incubated with Alexa 488 anti-mouse secondary antibody. After 2 hours, embryos were washed extensively in PBST. Stained embryos were visualized with a Leica MZ FLIII stereomicroscope equipped with a GFP filter, photographed and processed with Adobe Photoshop 7.0 software.
Touch evoked swimming behaviour
To analyse the rescue effect of PGRN in reversing MN defects due to altered expression of TDP43 or FUS at a functional level, we tested the embryo touch response and avoidance swimming behaviour at 52 hrs post injection [51, 57] . The embryos co-injected with either zfPGRN-A or hPGRN showed an improved avoidance swimming phenotype when compared to that resulting from knockdown of TDP 43 or FUS or the expression of their corresponding mutant forms. The percentages of fish showing motor deficit were determined for each condition. Their responses were recorded using a Photron (San Diego, CA) Fastcam PCI high-speed video camera.
Analysis of Caudal Primary Motor Neurons (CaP MNs) in WT embryos
Caudal primary motor axons in whole-mounted 48 hpf wild-type embryos labelled with Znp1 monoclonal antibody. Only the trunk CaP MNs (12 pairs) were scored [58] . Embryos were counted with respect to how many of the neurons of the 12 pairs in each demonstrated a particular defect. For each treatment at least three experiments were performed and at least 50 embryos were scored per determination. Values were expressed as mean ± standard error of the mean.
In vivo monitoring and imaging followed by measurement of axonal length, spinal cord length or embryo length Embryos obtained from the HB9:GFP transgenic fish expressing GFP within the MNs following microinjection of embryos with AMOs or mRNAs or co-injection of both were visualized and photographed in vivo. Images were captured at 5x magnification and the hatched box was further subject to 4-5x zoom. MN axonal length from the specified areas in the spinal cord region were measured using imageJ by tracing the labelled MN axons. The spinal cord length or embryo length were also measured by tracing spinal cord or embryo using imageJ. For each treatment at least three experiments were performed and at least 50 MNs were scored per determination. Values were expressed as mean +/-standard error of the mean.
Statistics. Statistical significance among experimental groups was determined by one-way ANOVA followed by Student-Newman-keuls Multiple Comparisons Test (p < 0.001-ÃÃÃ , p < 0.01-ÃÃ , p < 0.05-Ã ) using GraphPad software (GraphPad Software Inc., San Diego, CA) or one-way ANOVA followed by Holm-Sidak Multiple Comparisons Test (p < 0.05-Ã ) using Sigma plot software (Systat Software, Inc., San Jose, CA). Error bars represent s.e.m.
Western blotting
Zebrafish embryos were lysed using Laemmli buffer and extracts were boiled for 5 minutes. Embryo extracts were resolved using 10% acrylamide gels and transferred to nitrocellulose membrane. SDS/PAGE western blotting analyses were performed as described previously [59] using a polyclonal antibodies against PGRN-A (Sheldon Biotechnology Centre, McGill University), TDP43 (ProteinTech), FUS and a monoclonal antibody against actin (Sigma).
RT-PCR
Zebrafish embryos were lysed in trizol and the extracted RNA was quantified. cDNA synthesis was carried out according to the manufacturer's protocol (Fermentas) and used for gene specific PCR reactions (Invitrogen). Species-specific primer sets designed to detect zfPGRN-A mRNA employing 5'-TGATGGAACCACATGCTGTAA-3'/ 5'-CAGATGACCTCTGACCT GCTC-3' or 5'-CTCAACTCACTCACATCCGC3'/5'-GTTTATAGAGTTAGGGCTC-3'as described in [50] . TDP-43 full and TDP-43 splice variant mRNA were 5'-CCCCATGTCTA AATGCTCTCA-3'/5'-CTTCTCACTCTTCGCCATCAC-3' or 5'-CGTCACCTTCGCAGA CGATCAGGTT-3'/5'-GCCCACGATCCATCATTTGCCTACTATT-3' and 5'-CGTCACC TTCGCAGACGATCAGG TT-3'/5'-GCCTAAGCACAATAATATTCATCACCTCTTTTCCA ATT-3', respectively as described in [60] . Beta-actin mRNA was used as a loading control using 5'-ATGGATGATGAAATTGCCGC-3' and 5'-TGTCATCTTTTCCCTGTTGG-3' primers and zfPGRN-A mRNA observed employing 5'-TGATGGAACCACATGCTGTAA-3'/ 5'-CAGATGACCTCTGACCTGCTC-3' as described in [50] . Polymerase chain reaction was completed using Taq (Invitrogen) with a denaturation of 2 min at 94˚C; 35 cycles at 94˚C, 30 sec; 55˚C or 60˚C, 30 sec; 72˚C, 30 sec; and a final extension of 5 min at 72˚C.
Results
Inhibition of zfPGRN-A translation resulted in the generation of shorter axons and stalling of CaP Motor Neurons (MNs) at the horizontal myoseptum (a connective tissue structure that separates the myotome into dorsal and ventral compartments)
In previous work, we demonstrated that administration of the antisense morpholinos against zfPGRN-A but not control morpholinos, knock down zfPGRN-A protein expression. The protein suppression is specific for zfPGRN-A since there was no effect on levels of zf-PGRN-B, and the zfPGRN-A phenotype, namely impaired touch-sensitive motor responses, truncation of MN development and aberrant branching of MNs, is reversed by co-injection of zfPGRN-A mRNA or its human ortholog, hPGRN mRNA, but not by GFP mRNA when co-injected together with the zfPGRN-A morpholinos [51] . Here we use HB9-GFP fish that express GFP in their MNs, allowing easier tracking of MN development. We confirmed that the anti-PGRN MOs are active in the HB9-GFP line, resulting in truncated CaP MNs, and that PGRN mRNA reverses this defect as previously reported in WT zebrafish ( Fig 1A) . The related GRN gene zfPGRN-1, encoding a short-form GRN with only 1.5 granulin modules (S1A Fig) , is unable to reverse either the touch evoked avoidance swimming behaviour at 52 hrs post injection, or the shortening of the length of the CaP MNs caused by knocking down zfPGRN-A levels ( Fig 1B) . zfPGRN-1 is absent or only weakly expressed in early embryos [50] and its ectopic overexpression after microinjection into the embryos was confirmed by whole mount immunofluorescence microscopy in 48 hr embryos (S1B Fig)) . Not all proteins within the GRN family are therefore able to reverse the motor phenotype that arises from zfPGRN-A knockdown in the zebrafish embryo.
Neuromuscular developmental characteristics of zfPGRN-A knockdown embryos
We have further characterized the phenotype of zfPGRN-A knockdown animals. They display reduced overall body length and a corresponding reduction in the length of the spinal cord (Fig 2A) . This indicates a general delay in development compared to control embryos. In addition, there are specific disruptions in the development of the neuromuscular unit. During development, primary MNs normally extend towards the horizontal myoseptum (a region of connective tissue separating the myotome into dorsal and ventral compartments that is present only in the embryo). At the horizontal myoseptum the axons normally contact specialized muscle pioneer cells and is a choice point for the axons where they pause before growing along separate pathways to their final targets [61] . In zfPGRN-A knockdown embryos, the extension of the CaP axons towards the horizontal myoseptum is slower than the control embryos ( Fig  2B) and once they reach the horizontal myoseptum they exhibit a failure to extend ventrally beyond the horizontal myoseptum that persists for at least until 72 hrs post injection (Fig 2B) . Thus, the axon truncation in zfPGRN-A knockdown fish resulted from stalling of axon outgrowth at the horizontal myoseptum, rather than delayed but otherwise normal outgrowth. The functional development of MNs requires the correct formation of neuromuscular synapses and clustering of nicotinic acetylcholine receptors (AChR) is an early event in the process [62, 63] . Alexa 594-conjugated α-bungarotoxin staining was used to detect the AChR clusters in normal and PGRN-A MO injected embryos at 27hpf. This revealed that the stereotypical pattern of AchR clustering in WT embryos [64] was severely altered as indicated by the presence of disorganized and mislocated AchR clusters in zfPGRN-A knockdown embryos, (Fig  2C) , moreover, the chevron-like shape of the myotome boundaries alters, becoming less acute in the zfPGRN-A knockdown fish compared to control animals. This suggests that zfPGRN-A is required for correct formation of the neuromuscular unit.
Knockdown and mutant expression of TDP-43 and FUS
Loss of function phenotypes for zebrafish TDP-43 and FUS were generated by morpholino knockdown experiments and validated by Western blots (Fig 3A) . Unlike mammalian genomes, the zebrafish genome possesses two TDP-43 related genes, Tardbp, which is the ortholog of the mammalian TARDBP gene and its paralog, Tardbpl (TAR DNA binding The ability of PGRN mRNA to rescue motor neuron defects in zebrafish is therefore limited to some but not all PGRN proteins. MN axonal length from the specified areas in the spinal cord region was measured using imageJ by tracing the labelled MN axons.
https://doi.org/10.1371/journal.pone.0174784.g001 Embryos injected with zfPGRN-A AMO displayed reduced overall body length (A1) and a corresponding reduction in the length of the spinal cord (A2). Co-injection of hPGRN mRNA with zfPGRN-A AMO (zfPGRN-A AMO+hPGRN) significantly reversed these phenotypes while hPGRN mRNA alone had no effect on overall body length or the length of the spinal cord (Fig 2A) . The spinal cord length or embryo length were measured by tracing spinal cord or embryo using imageJ. Fig 2B zfPGRN-A protein-like). Tardbpl lacks the glycine-rich RNA binding domain where the ALS and FTLD-U mutations occur [60] . Complete knockout of Tardbp can result in alternate splicing of Tardpbl, resulting in restoration of the glycine-rich domain allowing the alternately spliced tardbpl protein product to potentially compensate for the loss of Tardbp [60] . Using primers that are specific for the alternately spliced Tardbpl (S1 Table) we confirmed that knockdown of zebrafish TDP-43 is not associated with increased expression of mRNA for alternatively spliced Tardbpl in the embryos (Fig 3B) . Tardbpl is not, therefore, a confounding factor in these experiments (Fig 3B) . In contrast to TARDBP, there is only one FUS orthologue to be found in the zebrafish genome. FUS shares many structural and functional similarities with TDP 43 including the presence of a glycine-rich RNA binding domain where the mutations occur that lead to the development of ALS and FTLD-U [65] . The knockdown of TDP-43 and FUS was associated with a depletion of zfPGRN-A mRNA levels, and this was not reversed by co-expression of hPGRN (Fig 3C) . We also examined the effects of over-expression of mRNA that encodes for mutants of TDP-43 and FUS that cause motor neuron disease in humans. The zfPGRN-A mRNA levels remained unchanged following expression of mutant TDP-43 (G348C) or FUS(R521H) (Fig 3C) . In contrast to the knockdown of zfPGRN-A, the body lengths of the embryo and spinal cord lengths are not altered in the embryos injected with FUS AMO or mutant FUS(R521H) (Fig 3D) while only a minor reduction in bodylength was observed following the knockdown of TDP-43 (TDP-43 AMO , Fig 3 panel D1) and spinal cord length following the injection of mutant TDP-43(G348C) (Fig 3 panel D4) . The decreases seen with TDP-43 AMO or TDP-43(G348C) are small compared to zfPGRN-A knockdown (Fig 2A) indicating minimal development delay in these embryos.
Neuromuscular phenotypes associated with knockdown or mutant expression of TDP-43 or FUS are compensated by the over-expression of PGRN
We investigated whether knockdown of TDP-43 or FUS, or expression of pathogenic TDP-43 (G348C) or FUS(R521H) mutants, resulted in motor neuron abnormality using HB9:GFP embryos as well as WT embryos. We have observed at the morphological level, TDP43 ( Fig  4A) and FUS knockdown (Fig 4B) , or expression of their mutant mRNAs (Fig 4C and 4D) , resulted in shortened axons, and more frequent axon branching before the horizontal myoseptum in both HB9:GFP embryos (Fig 4) as well as WT embryos (S2 Fig) . These phenotypes were also reversed by co-expression of hPGRN mRNA (Fig 4, S2 Fig) . We have quantified the axonal length among different groups. Reduced expression of either TDP-43 or FUS resulted in reduction of axonal length while co-injection of either TDP-43 AMO or FUS AMO together with PGRN significantly increased axonal length (Fig 5A) . In addition, over-expression of pathogenic TDP-43(G348C) or FUS(R521H) mutants resulted in shortened axons while embryos co-injected with hPGRN mRNA (TDP43 (G348C)+hPGRN) or (FUS (R521H)+hPGRN) significantly reversed truncation phenotype (Fig 5B) .
We have also investigated whether morphilino knockdown of TDP-43 or FUS (Fig 5C) , or expression of pathogenic TDP-43(G348C) or FUS(R521H) mutants (Fig 5D) , resulted in impaired touch evoked swim responses in both HB9:GFP embryos (Fig 5C and 5D ) as well as WT embryos (S2A1, S2B1, S2C1 and S2C2 Fig) . At a little after 48 hrs post injection, the initial touch response where the animals flex upon contact is unaltered in TDP-43 and FUS deficient embryos. There is however, a marked defect in the subsequent strong avoidance swimming phenotype, where the embryos swim away in response to touch. This is quantified as the touch evoked swimming deficit and is a functional measurement of motor neuron defects (Fig 5C  and 5D ). This is consistent with the results of previous studies [66] . At 72 hrs post injection, the motility of PGRN deficient embryos is further reduced and this defect worsens progressively beyond 72 hpf (data not shown). This suggests that while there is no major sensory deficit (i.e the touch-evoked flexing is intact), there is a significant motor deficit possibly due to defective innervation of MNs in the TDP-43 knockdown embryos. The touch evoked swimming defects were significantly reversed by the co-injection of hPGRN mRNA with either the morpholinos or the mutant TDP43 or FUS mRNA (Fig 5C and 5D) . The touch evoked swim deficits were reflected in structural modifications of the CaP MNs. Knockdown of either TDP-43 or FUS (Fig 5A) or expression of either TDP-43 (G348C) or FUS (R521H) mRNA (Fig 5B) resulted in truncated axons while co-expression of hPGRN mRNA with either the knockdown morpholinos or the mutant mRNAs resulted in significant restoration of MN average lengths.
TDP-43 or FUS does not rescue the neuromuscular defects caused by depletion of zfPGRN-A levels
To determine whether there is complementarity between TDP-43 and FUS with GRN, we investigated whether enhanced expression of TDP-43 or FUS is able to compensate for the depletion of zfPGRN-A. Expression of WT TDP-43 or FUS was unable to reverse the touch evoked swim response or the MN structural abnormalities in the zfPGRN-A knockdown in both HB9:GFP embryos (Fig 5C) as well as WT embryos (S3A1 and S3B2 Fig) .
Discussion and conclusion
The development of CaP MNs in zebrafish embryos provides a valuable tool with which to investigate the interaction of genes that influence vertebrate MN development and function [63, 67] . In humans, haploinsufficiency of GRN results in a form of FTLD-U that is characterized by the accumulation of cellular inclusions of ubiquitinated-TDP-43 in affected neurons [4, 5, 68, 69] . Gene delivery of PGRN to the brain in murine models of Parkinson's disease [2] and AD [3] prevents the onset and progression of neurodegeneration. This strongly suggests that PGRN maintains the health of the brain even when challenged by neurodegenerative stimuli that are not dependent on mutations of GRN. There is considerable potential for therapies based upon PGRN. In contrast, PGRN does not suppress the development of disease-like phenotypes in models of ALS that were caused by mutations of SOD1 (Superoxide dismutase-1) [52, 70] . It is unclear at present the range of neuropathologies that might be responsive to the neuroprotective effect of PGRN.
Mutations in TARDBP represent 1-4% of familial ALS cases while mutations in FUS represent 4% of familial ALS cases [71] . FUS and TARDBP but not SOD1 interact in genetic models of ALS [57] , raising the question as to whether and how PGRN interacts with the TDP-43/FUS axis of spinal MN degeneration. Earlier studies have indicated that PGRN overcomes MN defects in zebrafish embryos caused by ectopic expression of mutant TARDBP [52] . We have extended this to investigate whether defects caused by manipulation of FUS are also responsive to PGRN over expression. Furthermore, we have investigated whether phenotypes caused by loss of function of TDP-43 or FUS as well as expression of the toxic TARDBP and FUS mutants are influenced by PGRN expression. In addition, we studied whether the MN defects caused by depletion of zfPGRN-A are in turn sensitive to the over expression of WT TDP43 or FUS.
Depletion of zfPGRN-A in zebrafish embryos resulted in delayed development, as indicated by shorter body length (Fig 2A) . In addition, phenotypic evidence of MN defects was observed ( Figs 1A and 2B) . When touched the zfPGRN-A knockdown animals flex, demonstrating that their touch-responsive sensory systems are functional, but the subsequent avoidance swimming behavior is severely curtailed. This is consistent with a defect in the motor response. During development in zebrafish, there are three primary MNs per somatic hemisegment (CaP, MiP and RoP neurons). These extend axons towards the horizontal myoseptum. On arrival, the primary MNs pause for a few hours, and then either resume axonal extension beyond the horizontal myoseptum (CaP and MiP) or grow laterally (RoP) [67] . The horizontal myoseptum is, therefore, a choice point in MN development. Branching of axons and the formation of neuromuscular junctions occur after the axons have crossed this choice point. In the zfPGRN-A knockdown embryos, the primary MN axons reach the horizontal myoseptum, but unlike in control embryos, they do not progress beyond the choice point, remaining stalled at this location for at least further 24 hours (Fig 2B) . The MN truncation and branching abnormalities in zfPGRN-A knockdown embryos are therefore due to failure to progress beyond a critical choice point in MN development, rather than to a non-specific retardation in MN axonal outgrowth. What controls primary MN outgrowth beyond the horizontal myoseptum is not completely understood. The clustering of acetylcholine choline receptor (AchR) on target muscle groups is important, since mutations such as unplugged that interfere with AchR clustering, also disrupt the outgrowth of primary MNs beyond the horizontal myoseptum [72] . AchR cluster formation precedes MN outgrowth [73] . We found that the organization of AchR clusters was distorted in zfPGRN-A knockdown embryos compared to control animals ( Fig 2C) . Furthermore, the myotome somatic boundaries were misshapen relative to WT embryos. Therefore, it is likelythat zfPGRN-A knockdown is disruptive at several junctures in the development of the neuromuscular unit.
Proteolytic degradation of PGRN liberates granulin peptides, each of which is composed of a single granulin module [74] . Granulin peptides possess biological activity, although often opposite to the activity of PGRN [1] . PGRN is, for example, generally anti-inflammatory, whereas the granulin peptides are pro-inflammatory [1] . The role of granulin peptides in the brain is not well understood since most research has focused on PGRN. However, there is evidence that granulin peptides are neurotrophic [28, 75] . In contrast to other Vertebrates zebrafish have multiple GRN genes (S1A Fig) of which zfGRN-1 and zfGRN-2 , which generate peptides with one and a half granulin modules [50] . Therefore, we enquired whether these endogenous granulin peptides of zebrafish are potentially neuroactive. The forced expression of zfPGRN-1 mRNA in early embryos was insufficient to overcome the motor defects associated with zfPGRN-A depletion (Fig 1B) . We conclude that the endogenous granulin peptides of zebrafish are unable to substitute for the neuronal actions of long-form zfPGRN-A, at least in terms of CaP MN development.
The zfPGRN-A knockdown phenotype is consistently more severe than that resulting from TDP43/FUS depletion. In particular, the TDP-43 and FUS knockdown phenotypes show little difference in spinal cord and body length compared to control embryos, suggesting that no overall delay in development occurs in these embryos. Depletion of the TDP-43 and FUS, or the expression of their corresponding mutant genes, leads to the appearance of MN defects in zebrafish embryos [57] . Over expression of TDP-43 in zebrafish is not accompanied by the accumulation of TDP-43 intraneuronal cellular deposits [52] . In mice, motor defects are observed in several transgenic models of mutant or WT TARDBP expression even in the absence of TDP-43 aggregation, suggesting that loss of TDP-43 function, rather than toxicity of the TDP-43 aggregates, is critical in triggering TDP-43-dependent neurodegeneration [76] . The TDP-43/FUS loss of function knockdown embryos fully replicate the phenotypes following the expression of corresponding mutant genes with respect to touch evoked swim responses and axon development. Therefore, in the zebrafish partial loss of function of TDP-43 or FUS, and the pathogenicity of the mutant genes are phenotypically largely equivalent. As previously reported [52] , the expression of hPGRN in zebrafish embryos reverses the motor function impairment and axon extension defects caused by the expression of mutant TDP-43. We show in the current study that the exogenous expression of hPGRN also reverses these phenotypes when caused by expression of mutant FUS, or by the depletion of TDP43 and FUS protein levels (Figs 4 and 5) . zfPGRN-A is, therefore, capable of compensating for TARDBP and FUS mutation and loss of TDP-43 or FUS function. The depletion of TDP43 or FUS is accompanied by a corresponding depletion in zfPGRN-A mRNA (Fig 3C) , but this is not required for the motor function phenotype since no decrease in zfPGRN-A was observed due to mutant TARDBP or FUS even though the embryos show an equivalent degree of axonopathy.
Genetic complementation studies in a C. elegans model of motor neuronopathy driven by polyQ expansion in the huntingtin gene identified TARDBP as upstream of GRN [49] . Applying the same rationale to the zebrafish results, if mutant TARDBP, or TDP-43 knockdown, is upstream of GRN, then complementation with PGRN should rescue mutant TARDBP, as was observed [49] . The possibility that GRN is upstream of TARDBP can be eliminated since complementation of PGRN-depleted embryos by the over-expression of TDP-43 does not rescue the effects of PGRN depletion. A similar relationship was identified in zebrafish between FUS and GRN although this relationship with FUS was not observed for huntingtin gene evoked neurodegeneration in C. elegans [49] . The reason for the inconsistency between the models is unknown at present. However, in terms of pathology GRN-dependent FTLD-U develops in the opposite sense to that deduced in gene complementation analyses, since GRN mutations are congenital, whereas the TDP-proteinopathy develops only at a later age. The apparent contradiction in hierarchy between gene complementation analysis and what would be expected from the natural history of GRN-dependent neuropathology can be resolved if GRN mutation in FTLD is permissive for, rather than causal of, the TDP-43 pathology of FTLD-U. In this model GRN mutations create a cellular environment that permits excursions of the TDP-43 system beyond their normal boundaries to manifest a toxic outcome.
S2 Table summarizes the interactions of PGRN with neuropathogenic genes and is based on data from the work presented here and by others. PGRN is unable to reduce the severity of motor phenotypes caused by the ALS gene SOD1 or. by depleting the semaphorin co-receptor NRP1. It did, however, reduce the disease-like neuronal phenotypes caused by polyQ extension in the huntingtin protein [49] . PGRN proved notably successful in blocking the neuropathogenic RNA-binding proteins, including TDP-43 and FUS, and, as we reported previously, the spinal muscular atrophy gene, SMN-1 [51] . Whether PGRN signaling acts directly on the RNA-binding proteins, or indirectly by preventing the pathological fallout of defective RNA-processing, is uncertain and requires further research. Several groups have proposed that PGRN is neuroprotective due to its ability to restore a normalized neuroinflammatory status [25] [26] [27] [28] [29] [30] . The actions of PGRN in zebrafish embryos are independent of inflammation as the appearance of acquired immune mechanisms do not occur until about four weeks of development [77, 78] . We suggest, therefore, that PGRN exerts a combined neuroprotective action, both by modulating neuroinflammation [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , and, as shown here, by protecting neurons directly against the harmful effects of several neurodegenerative genes. This makes PGRN a uniquely promising molecule for the development of future therapies aimed at combatting a range of neurodegenerative conditions. Fig PGRN rescues motor defects due to TDP-43 knockdown (A1) but not vice versa (A2) in WT embryos. Touch-evoked swimming is greatly impaired in embryos injected with TDP43 Antisense MO. The motility defect was partially but significantly rescued when the embryos were co-injected with hPGRN together with the TDP-43 antisense MO (A1). S3B Fig PGRN rescues motor defects due to FUS knockdown (B1) but not vice versa (B2) in WT embryos. Touch-evoked swimming is impaired in embryos injected with FUS antisense MO. The motility defect was partially but significantly rescued when the embryos were co-injected with hPGRN mRNA together with the FUS antisense MO (B1). S3C Fig PGRN rescues motor defects due to toxic gain of function induced by TDP-43 (G348C) (C1) /FUS (R521H) (C2) in WT embryos. Touch-evoked swimming is greatly impaired in embryos injected with TDP43 (G348C) or FUS (R512H). The motility defect was partially but significantly rescued when the embryos were co-injected with hPGRN mRNA together with TDP43 (G348C) (C1) or FUS (R521H) (C2). (TIF) S1 
